Introduction
In order to understand the structures and energetics of protein-ligand complexes, we have chosen to run relatively short, but accurate, molecular mechanics calculations on several related complexes. In contrast, the estimation of free energy differences by the free energy perturbation or thermodynamic integration methods requires extensive and time-consuming molecular dynamics simulations for each protein-ligand state (for review see [1] ). Recently, we and other groups have found that simple molecular mechanics energy minimization can give intermolecular interaction energies that correlate well with trends in measured binding energies [2] [3] [4] [5] . The aim of the molecular mechanics calculations is to reproduce the physics and chemistry of interactions in protein-ligand complexes without empirical corrections or restraints. Therefore, we have carefully evaluated the factors influencing the accuracy of the calculations. The fundamental improvement in accuracy of the new molecular mechanics and dynamics program, AMMP [6] is due to the inclusion of all long-range non-bonded energies and all hydrogen atoms. Tests of these improvements are described in references [7] [8] [9] . These improvements and other factors influencing the accuracy of the calculations are discussed. Molecular mechanics calculations with AMMP have been shown to agree with a variety of independent experimental data. The agreement verifies the accuracy of the potentials and optimization procedures. Spectral data were used to improve the potential set [2] . Minimization of protein structures was shown to result in atomic positions that are within the experimental error in the crystal structures of proteins [9] . Finally, the protein-ligand interaction energies were shown to correlate with free energy differences derived from kinetic data [2, 3, 7] .
Molecular mechanics is a classical approximation to the inherently quantum problem of molecular chemistry. Therefore, the making and breaking of chemical bonds cannot be treated correctly in the standard formulation. However, molecular mechanics is valid for the treatment of equilibrium systems or 'states'. The choice of states will depend on the specific protein-ligand system. The choice is particularly critical for calculations on enzyme-substrate complexes where the enzyme catalyzed reaction involves a change in a chemical bond. It follows that the key problem in the application of molecular mechanics to understanding enzyme catalyzed reactions is the choice of physically valid states with intact bonds.
Two types of protein-ligand complexes have been studied. Firstly, a protein-ligand complex that is formed without large conformational changes in protein or ligand and without a change in chemical bonds. In this case, only two states need to be considered -the protein-ligand complex is compared to the free protein and ligand with the displacement of the bound waters. Calculations were used to predict novel inhibitors of trypsin [7] . Secondly, enyzme-substrate complexes have been analyzed, where the enzyme catalyzed reaction involves a change in a chemical bond. The calculations have been successfully applied to calculation of the HIV protease-substrate interaction energies [2], and modelling the structure and energetics of glucokinase with different sugar substrates [3] . The calculated protein-ligand interaction energies were shown to correlate with the free energy differences calculated from kinetic measurements, despite the absence of bulk water in the calculation.
Accuracy in Molecular Mechanics Calculations
In order to be useful, the molecular mechanics energy must be accurately calculated. Molecular mechanics potentials typically consist of two sets of terms: one set reproduces the bond and angle geometry of the molecules, and the other set reproduces the long-range terms such as electrostatics and van der Waals forces. Ideally, the bond and angle terms are defined in a self-consistent manner, so that they have a energy minimum at an unstrained structure. Strain is introduced by the non-bonded terms; the predicted energy and structure are the result of the interplay between the two types of potentials.
Since the molecular shape is determined by the geometric arrangement of the atoms, the bond and angle terms are important for accuracy. The ability of the structures of both the protein and ligand to deform upon complex formation depends on these terms. The parameterization is especially important when protein-ligand complex formation requires changes in structure or strong interactions such as hydrogen bonds. There are many different potential sets including AMBER [10], MM3 [11], OPTIMOL [4], and UFF [12] . We started with the UFF potential set and partial charges from AMBER. The UFF potential set was chosen because its mathematical form reflects the FeynmannHellman theorem resulting in highly efficient parameterization, and because it is readily adaptable to a wide range of chemistry. Other choices, such as AMBER, would require that we relate a novel compound to a known amino acid or nucleotide, which is not always possible. However, we found that it was advantageous to perform minor reparameterization. Improving the fit to molecular geometry and spectral data improved the agreement when calculating binding energy [2] . It was especially useful to use isotope effects in infra-red spectral data to check that the force terms were well parameterized. Since there are often fewer absorption and Raman bands than adjustable parameters, the ability to reproduce shifts in spectra upon deuteration confirms the potential more than does the ability to reproduce a single data set. These improvements resulted in better agreement between minimized and experimental protein structures. The improvements in AMMP also make it possible to perform stable molecular dynamics simulations on nucleic acids in the absence of special hydrogen-bonding restraints.
The ability of a ligand to fit into a binding site on a protein depends on the molecular shape and the non-bonded forces. The molecular shape is inadequately parameterized by a united atom potential where the apolar hydrogens are joined into larger united atoms. An 'all-atom' potential should be used, as shown in references [7, 8] . However, the binding energy depends on the electrostatic energy, as well as the similarity in
